The expression pattern of zebra®sh hoxa1a mRNA during embryonic development was studied. Herein, we show that hoxa1a mRNA is expressed in the ventral region of both the midbrain and anterior hindbrain during the developmental period from the pharyngula to the protruding-mouth stages via whole-mount in situ hybridization. Furthermore, double-labeling with anti-zHu antibody con®rms that the zebra®sh hoxa1a gene is expressed in neuronal cells. The observed temporal and spatial distributions of zebra®sh hoxa1a mRNA differ greatly from the expression patterns of zebra®sh hoxb1a and hoxb1b paralagous genes. In addition, in embryos injected with mouse ihh mRNA, hoxa1a-expressing cells increase in number with a dorsalized expression pattern in the midbrain. q
Results and discussion
Zebra®sh Hox genes, much like their mammalian counterparts, have been implicated to confer regional identity along the anteroposterior axis of developing embryos, including the central nervous system (CNS) and the paraxial mesoderm (Prince et al., 1998b,a,c) . Although the zebra®sh hoxa1a gene has been cloned (Amores et al., 1998) , its expression pattern during embryonic development is still unclear. In this report, we examine zebra®sh hoxa1a mRNA expression and regulation.
We have used a 475-bp DNA fragment containing part of the homeodomain of the zebra®sh hoxa1a gene to screen a zebra®sh genomic DNA library (Stratagene), and the 475-bp DNA fragment was obtained from a PCR reaction using a pair of conserved degenerate primers. The deduced amino acid sequence of positive clones showed that the N-terminal 28-amino acid sequence differs from the N-terminal 14-amino acid sequence of hoxa1a as reported by Amores et al. (1998) (Fig. 1) . The remaining region of these two sequences starting from Gly 29 on our polypeptide are identical. We have repeated automatic DNA sequencing four times using independent subclones to con®rm the sequence; and we speculate that the discrepancy may be a result of polymorphism in the zebra®sh genome.
Whole-mount in situ hybridization showed that hoxa1a mRNA was expressed in both midbrain and hindbrain during the developmental period from the pharyngula to the protruding-mouth stages ( Fig. 2A ). In contrast, hoxa1a mRNA was detected in neither the 18-somite embryos nor the 2-day-old hatching larvae. On¯at-mounted embryos at higher magni®cation, hoxa1a mRNA was only expressed in several discrete clusters located in the ventral region of the midbrain and anterior hindbrain (Fig. 2B) . The expression pattern of hoxa1a differs greatly from those of two zebra®sh paralagous genes, hoxb1a and hoxb1b (previously known as hoxa-1). During zebra®sh embryonic development, hoxb1a and hoxb1b begin to express at 90 and 50% epiboly, respectively, both of which are much earlier than the onset of hoxa1a expression. At the 20-somite stage, the expression of hoxb1a is present in rhombomere 4 while hoxb1b mRNA can mainly be detected in the spinal cord and in the endoderm (Prince et al., 1998b; Alexandre et al., 1996; Vlachakis et al., 2000) . In either case, the expression occurs in a region posterior to that of hoxa1a. Discrete clustering of the zebra®sh hoxa1a mRNA expression pattern implies that the expressed cells are probably neuronal cells. To investigate this possibility, doublelabeling with DIG-labeled hoxa1a antisense RNA and the anti-zHu antibody (Marusich et al., 1994) was performed. The results showed that some cells labeled by the anti-zHu antibody also hybridized with hoxa1a antisense RNA. Frozen sections of double-labeled embryos in the midbrain further con®rmed that the hoxa1a-expressing cells were neuronal cells (Fig. 2C) .
We also examined whether hoxa1a expression is regulated by the hedgehog signaling pathway (Ingham, 1998) . The results of whole-mount in situ hybridization showed that the number of hoxa1a-expressing neuronal cells localized in the midbrain region increased in prim-8 stage and prim-25 stage embryos which had been injected with mouse ihh mRNA (Fig. 2E) . Moreover, dorsal expansion of hoxa1a expression was observed in the midbrain due to the ventralizing effect of ectopically expressed mouse ihh mRNA (Echelard et al., 1993; Krauss et al. 1993; Hammerschmidt et al., 1996) . Normal ventral expression of hoxa1a in the midbrain and anterior hindbrain was observed in untreated embryos and in embryos injected with b-gal mRNA (Fig.  2D) .
These results show that hoxa1a expression occurs in a distinctive period between the pharyngula and the protruding-mouth stages during zebra®sh development. The mRNA of hoxa1a is expressed in neuronal cells located in the ventral region of the midbrain and anterior hindbrain. In addition, its expression in the midbrain is induced, either directly or indirectly, by ectopic expression of mouse ihh.
Materials and methods
2.1. Whole-mount in situ hybridization and double-labeling with both DIG-labeled antisense RNA probe and antibody Whole-mount in situ hybridization was performed on embryos treated with 0.003% phenylthiocarbamide as described in Chen and Fishman (1996) ; Akimenko and Ekker (1995) . DIG-labeled hoxa1a RNA probes (Roches) with a size of 565 bp were located in the N-terminus of the coding region. Double-labeling with anti-zHu antibody using an ABC kit (Vector) was performed on embryos that had been hybridized with DIG-labeled hoxa1a antisense RNA probes. Frozen sections were processed as described in Wester®eld (1995) .
Formation of synthetic mRNA and injection of embryos
The plasmids, pSP64T-mihh (Hammerschmidt et al., 1996) and PCS2NLS-bgal, were linearized with Sal I and NotI, repectively. Capped mRNA was synthesized using the SP6 message machine kit (Ambion) based on the manufacturer's protocol. Embryos were injected with ,2.6 nl of diluted RNA solution (100 pg) mixed with phenol red using a Drummond microinjector (Nanojet II). RNA was injected into the center of the yolk at the 1-to 4-cell stages. The injected embryos were ®xed at 26 and 36 hpf for wholemount in situ hybridization analyses.
